■ INTRODUCTION
The ability to control the electrical conductivity of organic semiconductors is desirable for tuning the performance of organic electronic devices. For example, the electrical conductivity and Fermi level of electrode layers in organic solar cells and organic light emitting diodes play an important role in efficient charge extraction and injection in the device. 1−4 Electrical doping is of paramount importance for thermoelectric devices where the carrier concentration impacts all of the factorsthe electrical conductivity, σ, the thermal conductivity, κ, and the Seebeck coefficient, Sin the figure of merit, ZT = S 2 σT/κ. 5−7 Despite significant progress in understanding structure−property relationships in semiconducting polymers, it is still not well understood how electrical conductivity is related to doping, particularly as a function of processing method. 8 Here we examine how differences in the processing method of a common p-type dopant change the electrical properties of poly(3-hexylthiophene) (P3HT). We show how introduction of the molecular dopant F 4 TCNQ from the vapor phase impacts the microstructure of thin films of P3HT and the resulting electrical conductivity. Our results demonstrate that processing has a significant influence on electrical conductivity and that vapor-phase doping provides a pathway to understand the role of morphology on charge transport.
Electrical conductivity is not a simple function of charge concentration in semiconducting polymers due to their energetic and structural disorder. 8 Introduction of charge carriers can be achieved when a dopant molecule with appropriate electronic levels is added to a host polymer. For p-type doping, adding a molecule whose electron affinity is offset to be below the ionization energy of the organic semiconductor allows electron transfer between the two molecules, thus creating charged species. The increase in charge carrier density leads to an increase in the electrical conductivity. For solution-processed materials, if the dopant is added to a solution of the polymer, charge transfer can lead to aggregation of the polymer (and dopant) in solution and strongly modify the morphology of the resulting solid film.
9−11
A nonlinear change in conductivity with the dopant concentration has been observed in many systems. For example, with an increase in dopant concentration in P3HT doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F 4 TCNQ), a decrease in conductivity is observed over a small range at ultralow 12 and high 13 doping levels followed by a linear and nonlinear increase at moderate doping levels, 9 which has been attributed to filling of electronic trap states. 13, 14 The electrical conductivity of films with the same dopant concentration can vary dramatically depending on the doping methods used. 15 It is therefore difficult to attribute changes in electrical properties solely due to changes in the charge carrier concentration.
There has been significant work to try to understand the role of processing on electrical conductivity using P3HT and the charge transfer dopant F 4 TCNQ as a model system. P3HT is a well-studied semiconducting polymer whose crystal structure and optical and electrical properties of neat thin film are known. In the case of solution doping, the polymer and dopant are mixed and then cast into a solid film. 11,13,16−20 In contrast, using sequential doping the neat polymer film is cast and the dopant is deposited from an orthogonal solvent on the neat polymer film. 9, 21, 22 Sequentially doped films have been shown to have higher conductivity than that of solution doped samples at the same dopant concentration. These differences have been attributed to a smaller perturbation in the microstructure of the film during sequential casting thereby allowing tie-chains connecting crystalline domains formed in neat P3HT to be retained leading to high conductivity. 22 On the other hand, in solution doping, P3HT:F 4 TCNQ aggregates form due to charge transfer in solution causing a different morphology in the cast films with poorly connected domains. With the same dopant concentration, solvents with different polarity have been shown to cause over an order of magnitude difference in conductivity due to changes in aggregation. 20 Post-processing to increase the conductivity, such as thermal annealing, is difficult with P3HT:F 4 TCNQ films because the dopants can decompose or be removed from the film at elevated temperatures. Some groups have tried aligning the polymer backbone in neat films and then infiltrating the dopants to the aligned film. Stretch-aligned P3HT films doped with F 4 TCNQ by vacuum evaporation showed 2−3 times higher mobility and conductivity compared to pristine films. 23 About 7 times higher conductivity was reported for films aligned by high-temperature rubbing and doped by sequential casting compared to that of nonaligned films. Recently, it has been shown that F 4 TCNQ can be introduced into semiconducting polymers from the vapor phase. 15,24−27 Solid-state diffusion of F 4 TCNQ into PBTTT leads to a 100-fold increase in conductivity compared to solution doped films. 15, 26 This difference was attributed to retention of the microstructure during vapor doping. 15, 26 The high conductivity was further correlated to the long-range orientational correlation length (OCL) of domains measured using resonant soft X-ray scattering (RSoXS). Mixing the dopant and polymer in solution was found to lead to short OCLs in PBTTT:F 4 TCNQ films while solid-state diffusion retains the longer OCL of the neat PBTTT film in the doped form. Whether the morphology of neat-cast films of other polymers is retained during vapor infiltration of F 4 TCNQ is currently not known.
Here, we study how the introduction of F 4 TCNQ from the vapor phase affects the morphology and electrical conductivity of P3HT films. Doped films are prepared by allowing sublimated F 4 TCNQ to diffuse into the neat P3HT film (Figure 1 ). We find that vapor does not strongly modify the morphology of P3HT from the as-cast film using a combination of grazing incidence wide angle X-ray scattering (GIWAXS) and resonant soft X-ray scattering (RSoXS). The morphological evolution of vapor-doped films, combined with optical and electrical measurements, shows that vapor infiltration at mild temperatures leads to efficient doping and that the texture and length of fibrils in ordered domains dictate the conductivity at high carrier concentration.
■ RESULTS AND DISCUSSION
Optical Absorption Spectra Show Charge Transfer via Solid-State Diffusion. Vapor infiltration of F 4 TCNQ into polymer thin films can be readily accomplished. The volatility of F 4 TCNQ allows deposition under vacuum where the mass of material deposited can be measured using a quartz crystal microbalance. However, F 4 TCNQ can also be sublimed readily at atmospheric pressure allowing simpler methods to be used. Here vapor doping was carried out in a custom doping vessel (≈0.4 L) in a nitrogen glovebox, and the charge concentration was determined after doping using spectroscopic methods. Because of the question of how the dopant infiltrates the polymer at a given deposition temperature, there is no particular disadvantage for using atmospheric pressure deposition and determining the concentration in the bulk after doping.
Chemistry of Materials
The interpretation of measurements of electrical conductivity as a function of processing method requires knowledge of the charge carrier concentration. Optical absorption spectroscopy provides a means to determine the extent of charge transfer between P3HT and F 4 TCNQ in vapor-doped film from the characteristic features of their neutral and charged forms. 12 Figure 2 shows optical spectra of P3HT films doped with F 4 TCNQ vapor for varying amounts of time. After 5 min of exposure to a vapor of F 4 TCNQ under our conditions, a peak near 0.5 eV assigned to the polaron of P3HT and peaks near 1.4 and 1.6 eV assigned to the anion of F 4 TCNQ appear. These features are indicative of integer charge transfer between P3HT and F 4 TCNQ. 28 With increased doping time, the intensity of these peaks increases and intensity of features assigned to the neutral form of P3HT around 2.3 eV decreases. The dopant composition increased linearly with time between 5 and 10 min, where it saturated based on the absorbance spectra.
The dopant concentrations in films were determined with the optical spectra using two different fitting methods, and the estimated concentrations from the two methods are in a reasonable agreement. The first method is to use the ratio of the neutral and polaron peaks of P3HT as a function of the concentration of F 4 TCNQ. This method has been used to compare the concentration in films doped by sequential casting from solvent to solution doped films with known dopant concentrations ( Figure S1 ). 22 For our vapor-doped P3HT films the P3HT polaron peak at 0.5 eV is well-isolated from other peaks, but there is an uncertainty in the fitting of the spectral features of neutral P3HT due to a change in the shape as a function of doping. The second method relies on the integrated intensity of the absorption of the anion of F 4 TCNQ and P3HT neutral peak using Beer's law and known attenuation coefficients. Because the features of F 4 TCNQ overlap with the polaron feature of P3HT near 1.5 eV, this method also has some uncertainly. Recent measurements of the polarized optical spectra of aligned P3HT film doped with F 4 TNCQ revealed that the polymer backbone and the π-face of the dopant are oriented perpendicular to each other in the film. 29 This measurement separates the absorption of P3HT and F 4 TCNQ allowing the concentration of the F 4 TCNQ anion to be estimated using a molar extinction coefficient of ε ≈ 50 000 L mol −1 cm −1 ( Figure S2 ). 12 Because neat P3HT films were initially cast from solutions with the same concentration of P3HT, the thickness was taken to be identical and the total P3HT concentration was calculated using the peak around 2.3 eV with a molar extinction coefficient of ε ≈ 10 000 L mol
The two methods provide good agreement in estimated dopant concentration in vapor-doped films. Table 1 summarizes the estimated F 4 TCNQ concentrations in vapor-doped samples, in units of mol % F 4 TCNQ per monomer of P3HT. Concentrations from two methods agree within 2 mol %. The slightly lower concentration of F 4 TCNQ using anion peak fitting for saturation-doped samples could be due to the rapid increase of a neutral form of F 4 TCNQ near 3.2 eV at high dopant concentration in the film that was not accounted for in this model fitting method. The doping level plateaus after 10 min at ≈10 mol % F 4 TCNQ, which corresponds to one F 4 TCNQ molecule per 10 P3HT monomers. This result is in a good agreement of the dopant concentration at plateau of the electrical conductivity in sequentially doped films. 22 Reports in the literature on solution-doped samples suggest that maximum conductivity of 8 S/cm occurs at 17 mol % F 4 TCNQ, which is about twice the maximum dopant concentration achieved using sequential and vapor doping methods (Table S1) .
Because of the uncertainty in the carrier concentration using optical spectroscopy, it is helpful to consider how the absorption of the neutral form of P3HT changes upon doping. The optical gap of P3HT is related to the conjugation length along the backbone, which is estimated to be approximately 20 monomer units in P3HT. 30, 31 Formation of charge on the backbone of P3HT result in new states that have a lower optical excitation, 32−34 with a likely differing spatial extent. For example, the comparable extent of polarons in poly(3-dodecylthiophene) is 8.7 thiophene units for positive polarons. 35 Our saturation-doped samples showed a nearly 50% decrease in the absorption of neutral P3HT, indicating that roughly half of the units contributing to the absorption are influenced by the addition of dopants. This is in qualitative agreement with our estimated dopant concentration of one F 4 TCNQ molecule for 10 P3HT monomers in most heavily doped films and points out the difficulty of extracting a quantitative carrier concentration using optical spectra. At high polaron concentration, formation of bipolarons can be favored over polarons, which has been suggested as lower energy charge-storage configuration in solution state. 36 Spectral features around 0.35, 1.3, and 1.6 eV have been assigned to P3HT bipolarons, 18, 37 and coexistence of polarons and bipolarons in heavily doped P3HT:F 4 TCNQ films have been proposed, but not quantified. In our system, we cannot make a detailed assessment of bipolaron formation due to overlap of the spectral features.
Electrical Conductivity of Vapor-Doped P3HT Films Is Higher than That of Solution-Doped Films. We observe significantly higher maximum conductivity in P3HT films doped by vapor doping than in films doped by other doping methods. Figure 3a shows the in-plane conductivity of doped P3HT films as a function of vapor doping time and dopant concentration. After 3 min of doping, an increase in conductivity was observed which plateaued after 10 min (10 mol %) at 48 S/cm. In our saturation solution doped film, measured conductivity was 2.3 S/cm, which is in a reasonable agreement with maximum conductivity values reported in other groups. With sequential doping method, 5.5 S/cm was reported for spin coated film 38 and 22 S/cm for films aligned by rubbing. 29 To the best of our knowledge, this is one of the highest conductivities measured for P3HT:F 4 TCNQ. Additionally, at a comparable dopant concentration, vapor-doping method leads to higher conductivity than solution and sequential doping methods. In films with dopant concentration of about 10 mol %, approximately 1 S/cm was reported for solution-doped films, 19 and 3 S/cm 22 for sequentially doped films. Thus, vapor-doping has 48 and 16 times higher conductivity compared to films at equivalent dopant concentration, prepared by solution and sequential doping methods, respectively.
The difference in conductivities at the same doping level can suggest a difference in the mobility of the charged species at the macroscopic scale. 12 The carrier mobility estimated using the carrier concentration determined by optical spectroscopy results in 0. , which is consistent with the reported value for sequentially doped films at similar carrier concentrations, determined from Hall coefficient measurements. 9 The difference in the highest values of the electrical conductivity of solution and vapor-doped films depends on both the carrier mobility and the carrier concentration. Vapordoped films at the highest concentration of F 4 TCNQ were ≈20 times more conductive with ≈30 times higher mobility than the solution doped films that had 120% of the carrier concentration based on optical spectroscopy. The carrier mobility therefore dominates the contribution of the increase in carrier concentration leading to higher conductivity for vapor-doped films of P3HT. In PBTTT:F 4 TCNQ films, the main difference between solution and vapor-doped films at comparable carrier concentrations was the charge carrier mobility, which was attributed to the difference in the long-range connectivity of PBTTT crystallites. The increase in conductivity from solid state diffusion in the P3HT:F 4 TCNQ (2 S/cm to 48 S/cm) system is not as high as it is in PBTTT:F 4 TCNQ, which exhibited more than 100-fold increase from ≈2 S/cm in solution doped films to ≈200 S/cm in vapor-doped films. While it is difficult to compare the two materials directly due to differences in backbone structure, they both show highly efficient charge transfer with F 4 TCNQ suggesting that morphological factors such as the fractional crystallinity and texture of domains likely plays a key role in the changes for each system. Thus, an important question is how different the local and longer-range order is in films of P3HT doped from solution and from the vapor phase.
Without knowledge of the domain boundaries and overall morphology, it is difficult to make conclusive remarks on impact of doping ratio and charge mobility. Many studies on solution-doped films have reported a slight dip in mobility at low dopant concentration (<10 −3 mol %) and superlinear increase in mobility at higher dopant concentrations. 12, 40 Numerical and analytic model studies on solution doped films attribute the dip to Coulombic interaction of anions counteracting the filling of trap states and superlinear increase in mobility solely to the filling of trap states. 40, 41 However, evolution of the local structure and the film morphology with increased doping levels has been observed in many recent solution doping studies. 42, 13, 43, 38 Vapor Doping Preserves the Texture and Modifies the Packing Structure of P3HT. We examined the local structure of films of P3HT doped by F 4 TCNQ vapor to determine the changes in local structure using grazing incidence wide angle X-ray scattering (GIWAXS). X-ray scattering from the neat P3HT film suggests preferentially edge-on texture of the crystals, where alkyl stacking is in the out-of-plane direction and π−π stacking is in the in-plane direction (Figure 4) . The 13 Upon doping, preferentially edge-on conformation and the layered texture remain. At doping times of 5 min and longer, the alkyl stacking distance increases from 16.4 to 17.9 Å, and two peaks appear in the region where the neat P3HT π−π stacking peak was. In the 10 min ( Figure 5 ) doped sample, the two peaks have d-spacing values of 3.64 and 3.89 Å. The smaller d-spacing has been assigned to the π stacking distance, whereas the larger d-spacing is from the cocrystal of P3HT and F 4 TCNQ in the in-plane direction. In addition, a diffuse amorphous scattering centered on q ≈ 1.35 Å −1 appears whose intensity increases with doping time.

Vapor doping at elevated temperature assists diffusion of dopants into the side chains of the polymer. During vapor doping process in our experimental setup, the P3HT film reaches temperatures of ≈80°± 5°C, which is well above its glass transition. At this temperature, the film goes through structural changes due to both thermal expansion and infiltration of F 4 TCNQ. Figure S4 shows alkyl and π stacking distance change in neat P3HT film during in situ heating GIWAXS measurements. The alkyl stacking distance of neat P3HT film changes from 16.2 Å at room temperature to a spacing of 16.6 Å at 80°C. In doped films, F 4 TCNQ molecules are intercalated between the side chains with a larger alkyl stacking distance of 18.0 Å at room temperature (vide infra). Due to the increased alkyl spacing from thermal expansion during the doping process, F 4 TCNQ molecules might be able to diffuse easily to the side chain regions. While there is no report of the temperature dependent diffusion coefficient of F 4 TCNQ in P3HT, the diffusion coefficient of PCBM in P3HT is temperature activated and sufficiently high that diffusion is rapid in thin films. 44 Because PCBM has larger volume than F 4 TCNQ, this provides a bound with the expectation that diffusion of F 4 TCNQ would likely be faster. Furthermore, dopants have longer time to diffuse into the crystallites due to the longer time scale of vapor doping compared to solution or sequential doping.
An important question is whether the doped films are homogeneous, i.e., whether there are regions that are doped differently than others. The distinct shifts in the GIWAXS pattern coincide with emergence of polaron and anion peaks in optical spectra. In the optical spectra, P3HT polaron and F 4 TCNQ anion features are seen for films doped for 5 min or longer at concentrations of 4 mol % (Figure 2 ). The change in the ordered regions of P3HT changes significantly between 0.2 and 4 mol %. The alkyl stacking distance shifts from 16.2 Å below 0.2 mol % to 18.0 Å for greater than 4 mol %. Concomitantly, a single π-stacking peak is observed below 0.2 mol %, and two peaks appearing near the original π stacking peak are observed at 4 mol % ( Figure 5 ). The lack of two alkylstacking peaks suggests that the two in-plane features are from the same population; i.e., there is a single structure for the doped phase. The concentration of dopant is sufficiently low at 0.23 mol % that it does not cause noticeable changes in crystal structure or that the F 4 TCNQ resides in the amorphous regions of P3HT. This result is consistent with the assessment that the solubility limit of the amorphous region is ≈5%; however, there has been no systematic study of films where the volume fractions of ordered and amorphous domains are quantified to determine if such a value is simply representative of a "typical" film, or if it is representative of a true solubility limit.
The scattering features observed by GIWAXS suggest that the F 4 TCNQ molecules are incorporated into the crystallites with likely a small perturbation to the molecular packing at the molecular level. We suspect that dopants are intercalated between alkyl side chains of the polymer based on the structural change as F 4 TCNQ is introduced, which results in increased layer spacing and decrease in π−π spacing. Intercalation of dopants between the polymer backbones has been proposed for solution doped films, 28 but it seems implausible with vapor doping. It is unlikely that the large amount of F 4 TNCQ can be inserted between the stacked P3HT backbones through solidstate diffusion. The P3HT backbones would need to separate in the π−π stacking direction by almost 100% for dopants to intercalate between the backbones. In addition, this would need to propagate through entire P3HT crystals to allow Bragg scattering to be observed. A recent study on aligned P3HT film sequentially doped with F 4 TCNQ used a combination of high resolution TEM and polarized UV−vis−IR to propose that dopants are incorporated into the side chains with their long molecular axis perpendicular to the polymer backbone. 6 This model also predicts flattening of alkyl side chain with respect to the thiophene ring, which explains the increase in alkyl stacking distance and decrease in π−π stacking distance in doped films. The same trend was also shown in the X-ray, electron, and neutron diffraction of P3HT thin films doped with F 4 TNCQ molecules in many systems. 1, 2, 5, 21 In contrast, many computational studies of charge transfer interactions examine face-toface overlap of polythiophenes and F 4 TCNQ. 45, 19 While charge transfer may not be observed in gas-phase dimers without overlap of wave functions, in solids the Coulomb interaction between the charges is more complex due to long-range interaction of all of the charges and can allow charge transfer over longer distances. 46 The main difference between the solution and the vapor doping methods is the texture of the crystallites and the change in relative intensities of the in-plane π stacking peaks. Figure S7 shows in-plane scattering intensity of the neat, solution, and vapor-doped films. Solution doped film has a strong in-plane alkyl stacking peak, which comes from face-on crystallites. It clearly suggests that the crystallites in neat and vapor-doped samples have much stronger preference to have edge-on texture compared to those in solution-doped films similar to comparisons of solution and sequentially doped films. 38 The tendency to have a dominant orientation of the crystallites in vapor-doped films should improve transport relative to solution processed films that have a mixture of orientations with differing domain boundaries. In solution doping, the interaction between P3HT and dopant molecules and the formation of aggregates in solution result in solid-state film with more faceon crystalline domains. 13 In sequential and vapor-doped films, the texture of the neat P3HT film is better retained suggesting that the F 4 TCNQ does not strongly perturb the morphology of the neat P3HT film. The use of vapor-doping prevents swelling of the film by solvent during sequential casting that could change the morphology.
In addition to the texture, the change in intensity of the inplane scattering peaks shows a difference for vapor-doped films. The fraction of the integrated intensity of the higher q peak near the original π stacking peak region gradually decreases with increasing dopant concentration for vapor-doped samples while that of the solution doped samples remains relatively constant 13 (Table S4 ). In vapor doped films, the fraction gradually decreases from 1 in neat and 2 min doped (0.23 mol %) film to 0.64 in 10 min doped (10 mol %). Solution doped samples had one peak up to 1.2 mol %, and the two peaks well separated with constant fraction at doping levels from 3 to 17 mol %. 13, 38 If the two peaks are not representative of two phases, then it suggests that there may be a difference in the structure factor of the scattering peak from vapor doping. Detailed modeling that incorporates disorder is required to study this effect, however. In contrast, the PBTTT:F 4 TCNQ does not show an obvious difference in local structure compared to films prepared by different solution doping methods. 26, 15 Additionally, while the change in d-spacing is gradual for PBTTT:F 4 TCNQ, 47 the d-spacing for P3HT:F 4 TCNQ is bimodal, occurring around 5 min doping. The ratio of the intensities of the in-plane peak, as well as more preferential edge-on texture, observed in vapor-doped samples could be related to the higher electrical conductivity measured for vapor doped samples than solution doped samples at similar dopant concentrations.
Resonant Soft X-ray Scattering (RSoXS) Reveals LongRange Connectivity in Doped Films. The local structure of P3HT films doped by F 4 TCNQ shows small differences in structure with the largest difference being the texture of the crystalline domains. This observation suggests that the longerrange morphology likely has an important role in determining the electrical conductivity. Atomic force microscopy showed no clear sign of change in morphology at the surface that would affect the charge transport ( Figure S8 ). We therefore used small angle X-ray scattering to determine if there were obvious changes in domain size between the two processing methods.
Morphological features in longer length scales from both crystalline and amorphous regions in the bulk are studied using RSoXS by using energy near the resonant edge of the chemical element. Near edge X-ray absorption fine structure (NEXAFS) spectra provide spectral information on transitions during which electrons are excited from core to higher level unoccupied states. By tuning the incident energy, the scattering contrast is derived from change in scattering length density near the resonant edge of the chemical element. 48 Figure 6 shows NEXAFS spectra of P3HT and doped films near the carbon and fluorine K-edge. The peak near 285.4 eV is characteristic of the 1s to π* transition from the CC bond in P3HT. Upon doping, there is a small increase in absorption from F 4 TCNQ at 285.4 eV ( Figure S10 ), but no clear shift or change is observed in the P3HT features. Shoulders at 287 and 288.9 eV arise from the F 4 TCNQ anion. NEXAFS spectra at the fluorine K-edge show emergence and increase of the F 4 TCNQ peak after 5 min of doping.
The RSoXS scattering pattern of P3HT is complex due to the presence of crystalline and amorphous domains. Ordered regions of P3HT are known to form fibrils which may have face-on or edge-on texture of the conjugated backbone relative to the substrate. The face-on and edge-on populations interact differently with the incident polarized X-ray beam due to the difference in orientation of their transition dipole moment relative to the electric field vector of the X-ray. The orientation of the fibrils would likely depend on processing conditions, as well as molecular weight, and has been previously shown to contribute to anisotropy in the scattering pattern.
49−51
The polarized RSoXS of neat P3HT film (at E incident = 285. with significant anisotropy with their direction perpendicular to each other. We attribute these features to different morphological features of the P3HT films. The peak and associated anisotropy at 0.03 Å −1 comes from the form factor of the fibrils ( Figure S11 ). Due to the linearly polarized incident beam, the stiff, orientationally correlated segments of the backbone have orientation with respect to the polarization direction, which results in anisotropy in scattering. The anisotropy near 0.003 Å −1 comes from the domain boundary between P3HT fibrils and amorphous regions of the film ( Figure S12) . In a simplified model where the P3HT fibrils have a rectangular shape, the fibrils can have two different types of interface with the amorphous regions, one in which the polymer backbone is perpendicular to the interface, another one in which the polymer backbone is parallel to the interface. The difference in the amount of these interfaces, which is determined by the form factor of the fibrils, can lead to the scattering anisotropy. This anisotropy is in agreement with a recent study where long fibrils lead to anisotropy in this q range, but shorter stacks with a relatively similar amount of parallel and perpendicular interfaces between crystalline and amorphous regions show lack of anisotropy. 49 The vapor-doped films have long fibrils of P3HT with dopant molecules having preferential orientation with respect to the polymer backbone in crystalline regions and random orientation at the crystalline/amorphous interface and in amorphous regions. We collected RSoXS patterns for P3HT films as a function of the concentration of F 4 TCNQ to determine if the infiltration of the dopant influenced the morphology. Figure 7a shows that the anisotropy parameter near 0.03 Å −1 of vapor-doped film is 0.2, which remains unchanged from that of the neat film. As our vapor-doped film likely maintains the initial morphology of the undoped P3HT film, the form factor of the P3HT fibrils in vapor-doped film is expected to be the same as that of the neat film. On the other hand, the anisotropy near 0.003 Å −1 decreases and eventually disappears with increase in dopant concentration (Figure 7c ), due to the F 4 TCNQ dopants at crystalline/amorphous domain interface having random orientation with respect to the P3HT backbone in the fibrils. At high doping levels, the crystalline and amorphous interfaces no longer have two different types of interfaces because of the disorder in the orientation of F 4 TCNQ at the interface and its contribution to the contrast making the ordered and amorphous regions similar. The disappearance of anisotropy arises from the change in contrast due to the absorption of F 4 TCNQ near the scattering energy. In contrast, a dopant that does not absorb at this energy would exhibit no change in scattering. De-doping the films further proves this model. As we de-dope the film, the F 4 TCNQ dopants leave, the film is left with preferentially oriented P3HT at amorphous/crystalline domain interface, and the anisotropy reappears. We do not suspect that the disappearance (reappearance) of anisotropy upon doping (de-doping) is due to a resonant energy shift upon doping ( Figure S13 ). The scattering peak at 0.03 Å −1 is strong and only observed at 285.4 eV even after doping. Additionally, the total scattering count from the energy scan around this energy shows that the scattering is still the strongest at 285.4 eV after doping.
Solution-doped films form shorter fibrils with preferentially oriented crystalline−amorphous domain boundaries. Figure 7a shows that the anisotropy parameter is around 0.2 for neat, heavily vapor-doped films and low-solution doped samples while heavily solution doped film shows no anisotropy. The absence of anisotropy in the heavily solution dope film is due to shorter fibrils formed from aggregation in the solution state, resulting in a smaller form factor (square-like rather than rectangular crystals). Formation of shorter stacks in solutiondoped P3HT has also been shown in a previous study where aggregate formation in dopant/polymer solution results in shorter stacks in solid state compared to neat P3HT films. 52 In low solution doped (∼6 mol %) film, the anisotropy near 0.003 Å −1 is higher than that in neat or vapor-doped, suggesting preferential orientation of the domain boundaries (Figure 7b) . At high doping level (17 mol %), this anisotropy disappears even with preferential orientation of dopants at domain boundaries, due to the short fibrils.
With the bond sensitivity and the orientational sensitivity, an orientation correlation length (OCL) can be calculated from RSoXS. In conjugated molecules, 1s to π* transition dipole moments point in direction perpendicular to the plane of the backbone. The OCL is a length over which conjugated polymer backbones retain their orientational correlation with their neighbors. This length scale is relevant to the charge transport in thin film devices. Because the charge transport in semiconducting polymers is the fastest along the conjugated backbone, the longer the orientational correlation length is, the easier it would be for the charges to travel over a long distance. The OCL has been shown to have a good correlation with conductivity and saturation mobility in organic thin film transistors. 15, 53, 54 The RSoXS scattering profiles suggest that the long-range connectivity of the vapor-doped film does not change upon diffusion of F 4 TCNQ molecules in solid state. Figure 8 shows Lorentz corrected RSoXS profiles of neat and doped P3HT films at 285.4 eV, and the half of the d-spacing corresponding to the peak location is suggested to be the polymer backbone OCL. The OCLs of the neat and vapor-doped films are about 12 nm, which is in a good agreement with the size of the crystalline lamellae plus the amorphous interlamellar zone for regioregular P3HT observed with high resolution TEM. 55 The scattering profile of the solution-doped sample has a broader peak centered slightly to the lower q, with OCL of 14 nm.
Chemistry of Materials
The similar OCL of solution and vapor doped samples potentially explains the smaller change in maximum conductivities measured from films prepared by these two methods. As noted previously, the maximum conductivity measured in vapor-doped P3HT:F 4 TCNQ film was about 20 times higher than that of solution doped films compared to about 100 times higher in PBTTT:F 4 TCNQ. In PBTTT:F 4 TCNQ, the reported OCLs for solution and vapor doped samples are 80 and 215 nm with conductivities of 2 S/ cm and 220 S/cm, respectively, correlating well with the over hundredfold increase in electrical performance. Figure S14 shows previously reported conductivity of heavily vapor-doped PBTTT samples and their OCLs. 15 Interestingly, as we extrapolate the trend line for the electrical conductivity vs the OCL from the heavily vapor-doped PBTTT data, the conductivity of heavily vapor-doped P3HT from this study sits directly on the extrapolated line. Furthermore, aligned P3HT films have shown higher mobility and conductivity along the backbone alignment direction, supporting the correlation between the orientation correlation and carrier mobility. 6, 23, 28, 56 Rubbing aligned P3HT film that was sequentially doped with F 4 TCNQ had conductivity of 22 S/cm in the aligned direction, about 7 times higher than the conductivity of 3 S/cm in the unaligned samples. Stretch aligned P3HT film doped by vacuum evaporation of F 4 TCNQ had 19 times higher conductivity in the aligned film parallel to the stretch direction compared to nonstretched film. These results further support the relationship between the charge transport and the longrange connectivity of the crystalline domains in semiconducting polymer thin films. Overall, while OCL is potentially a critical factor that governs mobility of semicrystalline polymers, other factors such as the texture of ordered domains and the local structure of π stacked chains also affect the mobility.
Effect of Vapor-Doping on Thermopower. Thermoelectric materials are benchmarked by a figure of merit that is determined by a combination of the Seebeck coefficient, S, the electrical conductivity, σ, and the thermal conductivity, κ, known as ZT = S 2 σ/κ. The power factor (PF) of a thermoelectric is equal to the product of the electrical conductivity and the square of the Seebeck coefficient. 32 The thermopower (Seebeck coefficient) of a semiconductor is related to the Fermi level within the electronic density of states, i.e., the carrier concentration and, for polaronic materials, also has vibronic contributions. 58, 59 The thermoelectric performance of a semiconducting polymer's thermopower is currently difficult to predict due to the interplay of doping and morphology. 57 Because the electrical conductivity can change dramatically with comparable levels of doping due to processing, it is important to examine the impact on the thermopower. Films of P3HT doped by F 4 TCNQ from vapor have a higher thermopower than those doped in solvent. We have found an empirical correlation between the thermopower and electrical conductivity across a wide range of materials that scales as S ∝ σ −1/4 ; 15,25 others have suggested an exponent of −1/3 depending on the data set chosen for the fit. 60 This trend is purely empirical and provides an estimate of an approximate value of the thermopower for a given electrical conductivity. In our vapor-doped films, Seebeck coefficients of 85 ± 10 μV/K were measured for samples with conductivity around ∼10 1 S/ cm. Figure 9a shows the Seebeck coefficient of P3HT films as a function of conductivity from this study and from films solution doped with F 4 TCNQ reported in previous studies. 25, 61 For a P3HT solution doped with 17 mol % F 4 TCNQ, the Seebeck coefficient was measured to be 76 μV/K with a conductivity of 2 S/cm. Previously, Seebeck coefficients of ∼100 μV/K with conductivities ranging 10 −5 to 10 −3 S/cm were reported for solution-doped P3HT films with 0.6 to 3 mol % F 4 TCNQ. 25 The empirical prediction suggests that the thermopower is enhanced for the vapor-doped samples leading to an improvement in the PF (Figure 9b) .
The empirical trend uses the electrical conductivity as a surrogate for the carrier concentration, but we can also compare our results to results in literature for doped P3HT at comparable carrier concentrations. While different counterion species could potentially have impact on the Seebeck coefficient due to interactions between the carrier and the ion, it is currently not possible to disaggregate such effects from the carrier concentration and morphology. For our most heavily doped samples at an estimated carrier concentration of 5 × 10 , and 0.1 charge/monomer of P3HT. Despite the difference in electrical conductivity the PF of the vapor-doped sample is 27 μW/mK 2 and agrees within error to that of P3HT immersion doped with TFSI − at 22 μW/mK 2 . 25 This observation suggests that it should be possible to further optimize the trade-off between increasing electrical conductivity and decreasing Seebeck coefficient by controlling processing.
Using the measured morphology of the doped films, we can begin to separate the factors controlling the connection between the electrical conductivity and thermopower. For solution and vapor-doped P3HT, the thermopower and OCL were 76 ± 3 μV/K and 14 nm and 85 ± 10 μV/K and 12 nm, respectively. While the carrier mobilities in these films differ by about 30 times, their OCLs and Seebeck coefficients are comparable. This comparison suggests that, in P3HT, the impediment to charge transport in cast films does not greatly impact the Seebeck coefficient. It has been suggested that local disorder controls the electronic density of states of P3HT with the connectivity by tie-chains aiding transport. 63 Because the slope of the density of states near the Fermi level (given by Seebeck coefficient) is comparable in the two doped films at comparable carrier concentration, it would imply that the density of states is very similar and that the increase in electrical conductivity is impacted by the connectivity of the domains. In contrast to the behavior of P3HT, the thermopower appears to have a stronger dependence on morphology for solution and vapor-doped PBTTT:F 4 TCNQ. At a comparable carrier concentration, the thermopower changed from 60 μV/K to 30 μV/K with a change in OCL from 40 to 350 nm with greater than 100 times change in electrical conductivity. 15 In the case of PEDOT:PSS, where the size of the PEDOT domains is similar to that of P3HT, significantly higher conductivity is observed despite it having a low molecular weight with likely few tie chains. 64 It is currently not known if the smaller side chains on PEDOT could enable improved hopping between domains with varying orientation that is not possible with the longer alkyl chains on other polymers such as P3HT. More detailed transport and thermopower measurements are necessary to make quantitative conclusions about the changes in the density of states and transport as a function of processing between these materials.
■ CONCLUSIONS
Doping from the vapor phase is an effective way of studying molecular doping in semiconducting polymers as it minimizes the morphology dependent changes in electrical conductivity. With P3HT and the molecular dopant F 4 TCNQ, we have found that conductivity can be tuned with vapor phase doping. F 4 TCNQ is incorporated into the side chains of P3HT maintaining the crystalline order in cast films. While different doping methods have little effect on the long-range connectivity in doped P3HT films, the crystallite texture and fibril length of P3HT thin film change dramatically with processing method. In order to achieve higher mobility and conductivity in doped P3HT films, it would be necessary to use processing methods to further increase the long-range connectivity of the polymer while controlling the texture and fibril length for efficient charge transport in the solid state.
The ability to maintain the morphology of P3HT films during vapor-doping also allowed us to study the effect of morphology on thermoelectric properties. Using either solution or vapor doping, films of P3HT:F 4 TCNQ with comparable OCL and carrier concentration had similar Seebeck coefficients. The higher electrical conductivity of vapor-doped films led to higher thermoelectric power factors than for solution-doped films. Furthermore, this methodology will allow for detailed study of temperature dependent conductivity and Seebeck measurements to provide further insight into transport mechanism in these films. In emerging designs for thin film organic thermoelectric generators, such as radial, 65 coiled, or corrugated modules, 66,67 films on the order of 1 to 10 μm may be required. Further investigation into the changes in performance upon processing films with such thicknesses will be required to determine if the improvements here can be realized in thicker films.
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■ EXPERIMENTAL SECTION Materials. P3HT was purchased from Merck (SP001, M n = 50 000; M w = 79 000; RR = 95%) and used as received without further purification. The small molecule F 4 TCNQ was purchased from TCI America. The anhydrous solvents ortho-dichlorobenzene and chlorobenzene were purchased from Sigma-Aldrich.
Thin Film Preparation. Thin film samples for GIWAXS experiments were prepared on Si/SiO 2 wafers. Films for electrical characterization was prepared on a 0.5 mm thick Z-cut quartz wafer from University wafer. Substrates were sequentially sonicated for 15 min in soapy water, DI water, acetone, and isopropanol. Films for NEXAFS and RSoXS were prepared on silicon nitride windows with a 200 μm thick Si 3 N 4 layer. For vapor doping, neat P3HT was dissolved in 1:1 ODCB:CB solvent mixture (5 mg/mL). Thin films were spun cast using a two-step spin condition of 1000 rpm for 45 s followed by 3000 rpm for 30 s. Thin films were soft baked at 150°C for 1 min to remove excess solvent. Then the films were annealed at 150°C for 10 min under N 2 environment. Thicknesses of films were 20−25 nm. F 4 TCNQ powder was heated to 210°C in a custom closed-vessel doping chamber. The temperature of the film was 80°C during vapor doping, and the amount of dopant was controlled by the time during which film was exposed to the vaporized dopant. Vaporized F 4 TCNQ was deposited to P3HT film for 0 to 15 min. For solution doping, 5 mg/mL F 4 TCNQ in 1:1 ODCB:CB was added to the neat P3HT solution. Thin films were spun cast directly from the solution mixture.UV−vis absorption spectra were collected with a Shimadzu UV3600 spectrometer. Grazing Incidence X-ray Diffraction. Grazing incidence X-ray scattering experiments were conducted at the Advanced Light Source at beamline 7.3.3. The energy of the incident beam was at 10 keV, and a Pilatus 2 M area detector was used. The X-ray scattering data were taken at incidence angles of 0.14°with 1−5 s exposure times. The samples were kept under helium environment during X-ray exposure to minimize air scattering and sample degradation. 68, 69 The collected data were processed using Nika, a 2D data reduction macro on Igor Pro using established procedures. Diffraction pattern from silver behenate was used to calibrate the beam center and the sample-todetector distance. 1D profiles were created by plotting intensities along the line cuts near q y = 0 and q z = 0, with a correction for the grazing incidence geometry.
Chemistry of Materials
Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS). NEXAFS spectroscopy was performed at beamline 11.0.1.2 at the Advanced Light Source. The beamline has an incident photon energy flux of about 1 × 10 13 photons/s at 800 eV. The beam spot size was 0.1 mm × 0.1 mm at 90°incidence angle. C, N, and F K-edge NEXAFS spectra were collected from incident photon energies from 270 to 710 eV. The X-ray beam was linearly polarized in the horizontal or vertical direction. The sample stage was computer-controlled to set the angle of the substrate surface with respect to the incoming X-ray. The total electron yield (TEY) data was collected at an incident angle of 45°to increase the footprint of the beam spot on the sample and improve signal. The absorption spectra were normalized by incident beam intensity as well as the signal intensity through a blank silicon nitride window.
Resonant Soft X-ray Scattering (RSoXS). RSoXS was performed at beamline 11.0.1.2 at the Advanced Light Source. Sample was placed in a high vacuum chamber, and transmission geometry was used. Data were collected with in-vacuum CCD detector, and dark image background noise was subtracted. Vertically and horizontally polarized photons at an energy of 285.4 eV were used to obtain anisotropic scattering patterns. Scattering patterns were radially integrated as a function of the scattering vector and plotted with a Lorentz correction (Iq 2 vs q). Electrical Characterization. Gold electrical contacts (60 nm thick) were deposited onto the neat P3HT films before vapor doping and the solution doped films via controlled thermal evaporation through a shadow mask. Contacts for electrical conductivity and thermopower measurements were prepared on the same film. Electrical conductivity was measured in the in-plane direction with four-point probe geometry. Thermopower was measured with two 1 mm 2 gold pads, a set of 0.2 mm × 1 mm contacts that are 3 to 5 mm apart, using the previously reported differential method. 25 All electrical measurements were made under N 2 environment inside a glovebox. The Seebeck coefficient had error of ≈10% from sample to sample variation and contributions from the electrical leads, the accuracy of temperature difference, and geometrical error.
